Background: The analysis of angiogenesis factors in the blood of tumor patients has given diverse results on their prognostic or predictive value. Since mediators of angiogenesis are stored in platelets, their measurement in plasma is sensitive to inadvertent platelet activation during blood processing. Methods: Variants of blood withdrawal and plasma preparation were evaluated by ELISA for the detection of TSP-1, PF-4, VEGF and PD-ECGF. A total of 22 pancreatic cancer patients and 29 healthy volunteers were evaluated. Results: Plasma preparation with the anticoagulant mix of citrate, theophylline, adenosine, dipyridamole (CTAD) and immediate blood processing at 4
Introduction
Angiogenesis is the physiological process of capillary sprouting and remodeling of an established network of blood vessels, and plays a central role in embryogenesis, the female menstruation cycle, as well as wound healing [1] . Moreover, angiogenesis is increasingly recognized to be involved in diseases such as proliferative retinopathy, rheumatoid arthritis, psoriasis and all types of malignancies [2] . The neovascularization process requires a tightly regulated balance of pro-and anti-angiogenic factors, among those the highly potent and specific vascular endothelial growth factor (VEGF). VEGF was shown to promote angiogenesis by inducing endothelial cell proliferation, migration and tube formation [3] . In the tumor setting, VEGF is produced by tumor or stroma cells and is highly abundant in platelet α-granules [4] . Inhibition of VEGF was found to reduce tumor growth and has thus been introduced to clinical application [5] . Furthermore, circulating VEGF values have shown prognostic or predictive potential for various types of cancer [6, 8] .
In addition to VEGF a variety of other platelet-stored angiogenesis factors potently affect physiological and pathological vessel growth. For example, the major anti-angiogenic factors thrombospondin 1 (TSP-1) and platelet factor 4 (PF-4) are also abundantly stored in αgranules and released upon platelet activation. While circulating PF-4 is rapidly bound to endothelial cells, soluble TSP-1 is more stable in circulation [9] . Apart from their essential role in hemostasis and thrombosis [10, 12] , both factors have been shown to inhibit angiogenesis and suppress tumor growth [13, 14] . Furthermore, metastatic tumor spread, tumor cell adhesion and invasion were shown to be regulated by TSP-1 [15, 16] . Interestingly, reports on the marker potential of TSP-1 and PF-4 in the blood of cancer patients have been highly controversial [15, 17, 18] .
In contrast to VEGF, TSP-1 and PF-4 which are stored in platelet α-granules, other regulators of neovascularization such as the pro-angiogenic platelet derived endothelial cell growth factor (PD-ECGF) are found in the cytoplasm of platelets [19] and are therefore not secreted upon platelet degranulation. PD-ECGF is released by platelets, tumor or stroma cells upon cell lysis and promotes survival and chemotaxis of endothelial cells. Studies on the marker potential of PD-ECGF are limited, but PD-ECGF has been suggested to be associated with tumor progression and metastasis [20] .
Based on the central role of VEGF in the neovascularization process, monitoring of angiogenic blood parameters has predominantly focused on VEGF analysis while comparably little attention has been given to the detection of other angiogenesis factors. Thus, a major debate was raised in the late 1990s concerning the optimal blood specimen for circulating VEGF measurements. A variety of plasma and serum preparations were evaluated to define the optimized procedure for VEGF detection in patient blood [21, 22] . Since serum preparation leads to platelet activation, serum values mainly reflect platelet-released VEGF. It was of interest to note that VEGF stored in platelets correlated with tumor burden presumably due to scavenging of tumor-derived VEGF [23] . Thus, serum measurements seemed to be applicable to VEGF evaluation. However, in cancer patients platelet counts may be affected by myelosuppressive chemotherapy. Additional plasma measurements are therefore advisable when monitoring patients under therapy [24, 25] . For plasma analysis substantial differences concerning platelet activation by different preparation variants were recorded; it was subsequently proposed to use the anticoagulant mix of citrate, theophylline, adenosine, dipyridamole (CTAD) and to process blood samples at 4
• C to avoid platelet degranulation when determining plasma VEGF levels [21] .
Despite the thorough evaluation of blood processing methods for reliable VEGF detection conducted 10 years ago, clinical VEGF monitoring has largely continued with suboptimal procedures and processing methods have not been evaluated for the majority of other angiogenesis factors. In contrast, the monitoring of angiogenesis parameters has gained importance over the last years, since anti-angiogenic agents have been introduced into cancer treatment regimens. In this context, circulating angiogenesis factors have been investigated for their prognostic and predictive potential but have mostly shown disappointing outcome [8] . As angiogenesis parameters beside VEGF may be crucially affected by blood preparation and analysis methods, the results may be hampered by suboptimal procedures. We therefore set out to evaluate the impact of blood processing variants and define an optimized procedure suitable to reliably measure angiogenesis factors, with particular emphasis on platelet-stored proteins such as VEGF, TSP-1, PD-ECGF and PF-4.
Materials and methods

Study collective of healthy volunteers and cancer patients
Twenty-nine healthy volunteers were included in the study and divided into three groups: 3 subjects were recruited for the comparison of serum and plasma preparation variants; 3 volunteers contributed to the evaluation of blood storage time; 10 were enrolled to evaluate the impact of blood withdrawal procedures and 13 volunteers with a median age of 59 years (ranging from 41 to 73 years) served as age-matched healthy control for the collective of pancreatic carcinoma patients.
Blood samples of 22 patients with locally advanced, non-metastatic pancreatic carcinoma were drawn to monitor angiogenic factors before and during therapy. Nineteen patients (median age of 63, ranging from 43 to 80 years) received gemcitabine at 1000 mg/m 2 on days 1, 8, and 15 of four consecutive 4-week cycles with or without the bi-weekly addition of bevacizumab at 5 mg/kg. Blood samples were collected every two weeks, starting from the first time of chemotherapy administration.
The analysis of blood samples was approved by the Institutional Ethics Committee; all patients and healthy volunteers gave written informed consent. Furthermore this study conforms with The Code of Ethics of the World Medical Association (Declaration of Helsinki) as printed in the British Medical Journal (18th of July 1964).
Plasma and serum preparation
For optimized plasma preparation, blood was drawn into chilled CTAD-tubes, immediately put on ice and further processed within 30 min. After an initial centrifugation step at 1000 x g and 4
• C for 10 min, the plasma supernatant was subjected to further centrifugation at 10000 x g and 4
• C for 10 min (to remove "contaminating" platelets). The supernatant was stored in aliquots at −80
• C to avoid repeated cycles of freezing and thawing before analysis.
To evaluate the effect of different blood sampling methods on the detection of platelet-stored angiogenesis factors, blood was collected in EDTA, CIT (citrate), or CTAD tubes. All samples were further processed as described for the optimized plasma preparation method at 4
• C. Additionally, blood processing with the various anticoagulants was also performed at room temperature. Serum samples were retrieved by blood collection without the addition of anticoagulants and by centrifugation (at 1000 x g and RT for 10 min) 30 min or 2 hours after collection.
Furthermore, to determine if differences in blood withdrawal methods can affect measurements of circulating angiogenic factors, Venflon TM (18 G: 1.270 mm needle diameter) and Vacutainer butterfly (21 G: 0.813 mm needle diameter) collection systems by Becton Dickinson (Franklin Lakes, NJ) were compared for 10 healthy individuals by concomitant blood withdrawal with both variants.
Determining concentrations of angiogenesis factors
Plasma or serum samples were analyzed by ELISA to determine the concentration of circulating angiogenesis factors. Commercially available ELISA tests were applied for VEGF and TSP-1 (Quantikine; R&D Systems, Minneapolis, MN) as well as platelet factor 4 (Asserachrom PF4; Diagnostica Stago, Asnières, France) according to manufacturers' instructions. A comparable "sandwich" ELISA system for PD-ECGF (detection range: 1-100 ng/mL) has previously been reported by us [26, 27] and is based on the following antibodies: gelatin-free goat polyclonal α-human PD-ECGF antiserum (sc-9523; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) diluted to 5 μg/mL for coating, and murine monoclonal IgG 1 clone PGF.44C diluted to 500 ng/mL for detection (Lab Vision Corp., Thermo Fisher Scientific Inc., Fremont, CA). The detection antibody was biotinylated using the FluoReporter Mini-Biotin-XX Protein Labeling kit (Molecular Probes, Invitrogen Corp., Carlsbad, CA) according to manufacturer's instructions and was further complexed with a conjugate of streptavidin-horseradish peroxidase (Pierce Biotechnology Inc., Rockford, IL). Plasma samples were measured undiluted at 50 μL per well and compared with a standard dilution series of human recombinant PD-ECGF (R&D Systems).
Quantitative analysis of plasma preparation variants applied in reported studies on angiogenesis parameters
To evaluate the frequency of anticoagulants used to determine plasma values of angiogenesis factors in reported studies, the PubMed database was searched for articles published within the last 2 years. The following terms were used to identify relevant studies: (vascular endothelial growth factor OR VEGF) AND plasma; (thrombospondin-1 OR TSP-1) AND plasma; (platelet factor 4 OR PF-4) AND plasma; (PD-ECGF OR platelet derived endothelial cell growth factor OR thymidine phosphorylase) AND plasma. With respect to VEGF the first 100 of 530 retrieved articles were analyzed as a representative fraction of reported studies.
Statistical analysis
Statistical analyses were carried out with SPSS 17.0.1 Software (SPSS, Inc., Chicago, IL) and were based on non-parametric tests (Spearman, Mann Whitney U, and Wilcoxon test).
Results
Blood measurements of angiogenesis factors stored in platelet granules are highly sensitive to blood processing variants
To evaluate the impact of blood processing methods on detectable plasma values of various platelet-stored angiogenic factors, the anticoagulants CTAD, citrate and EDTA were compared with processing at 4
• C or room temperature. Additionally, serum was prepared in the absence of anticoagulants at room temperature. Coagulation times of 30 min and 2 h were applied.
VEGF, TSP-1, PF-4 and PD-ECGF fluctuations in different plasma and serum preparations were analyzed by ELISA in blood samples of three healthy volunteers (1 female, 2 male) and three pancreatic cancer patients (1 female, 2 male). Among the CTAD, citrate and ED-TA preparations of healthy blood at 4
• C no substantial differences in measured concentrations of angiogenesis factors were recorded. At room temperature, plasma processing with the anticoagulants citrate or ED-TA resulted in a pronounced rise of detectable TSP-1 and PF-4 levels, while VEGF measurements increased moderately (Fig. 1A-D) . In serum preparations all three proteins showed a notable elevation. Mean parameter levels measured in serum as compared to CTAD 4
• C plasma were 920-fold increased for PF-4, 380-fold for TSP-1 and 75-fold for VEGF. While these angiogenesis factors showed a highly significant correlation of detected parameter levels with blood processing variants (P 0.001), no substantial fluctuations were recorded for PD-ECGF concentrations established in serum or plasma preparations. Unexpectedly, the blood level of PD-ECGF showed a high interindividual variation within the healthy population with no apparent diseaserelated cause.
The impact of blood processing on the measurements of angiogenesis factors in cancer patients (Fig. 1E-H) was entirely comparable to the results obtained for healthy individuals. 
In vitro fluctuations of angiogenesis parameters are erratic
Having established that the choice of plasma preparation method may lead to an artificial increase of detectable angiogenesis factors (presumably due to partial platelet activation and degranulation), we addressed the question whether the in vitro artifact was due to a reproducible process resulting in a consistent degree of sample "contamination". Therefore, plasma values of TSP-1 and PF-4 obtained with optimized blood processing (with CTAD at 4
• C) were directly compared to plasma levels established for citrate or EDTA preparations at room temperature for the three individuals ( Fig. 2A and 2B show regrouped data from Fig. 1 ). The extent of contamination differed substantially among the three individuals and was incoherent for citrate and EDTA preparations indicating an inconsistent process of varying magnitude. However, TSP-1 and PF-4 levels showed a comparable pattern of fluctuation (coregulation).
When evaluating whether the time between blood withdrawal and blood processing would increase the risk of inadvertent platelet activation, we found that storage times between 30 min to 6 h resulted in occasionally elevated levels of TSP-1 and PF-4 ( Fig. 2C  and 2D ) but no progressive, time-dependent rise in the determined plasma concentration. Of note, the fluctuations of TSP-1 and PF-4 measurements introduced by blood storage were comparably minor, i.e., 10-20 fold lower than the range of "contamination" reached by blood processing with citrate or EDTA at room temperature. CTAD plasma analysis of VEGF and PD-ECGF was entirely unaffected by the extent of blood storage (data not shown).
The blood collection procedure affects plasma measurements of platelet-stored angiogenic factors
In a clinical setting the most frequently used collection systems to draw blood from patients are venflon (18 G needle) and butterfly (21 G needle). To evaluate whether differences in blood collection could also affect plasma measurements of platelet-stored angiogenic factors, blood of 10 healthy volunteers was collected with both systems and subjected to optimized plasma preparation (with CTAD at 4
• C). Subsequently, samples of 10 volunteers were analyzed for VEGF, TSP1 and PD-ECGF content, and PF-4 plasma values were established for 8 individuals. TSP-1 and PF-4 plasma levels were significantly higher when blood had been drawn using the venflon as compared to the butterfly collection system (P = 0.028 and P = 0.012, respectively). In contrast, plasma values of VEGF and PD-ECGF were not substantially affected by the mode of blood withdrawal (Fig. 3) .
Inadvertent hemolysis during blood withdrawal impairs plasma measurements of platelet-stored angiogenesis factors
As accidental hemolysis occurs in clinical routine blood withdrawal (in particular when collecting blood from elderly or cancer patients under therapy), we were interested to assess a possible impact of hemolysis on plasma measurements of platelet-stored angiogenic factors. Thus, 49 plasma samples retrieved from 19 pancreatic cancer patients during therapy were prepared with CTAD at 4
• C and were analyzed for VEGF, TSP-1, PF-4 and PD-ECGF content. Five of the 49 samples (10%) showed signs of hemolysis, i.e. were red tinged. Plasma values of TSP-1 and PF-4 recorded for hemolytic samples were remarkably elevated and significantly higher than for non-hemolysed samples (P = 0.001 and P = 0.002, respectively). VEGF and PD-ECGF concentrations did not differ significantly between groups (Fig. 4) .
Optimized blood processing reveals a selective increase of VEGF and TSP-1 (as opposed to PF-4 and PD-ECGF) in pancreatic cancer patients
Having identified potential pitfalls of determining angiogenesis parameters in blood, we questioned whether previously reported elevated levels of TSP-1, VEGF and PF-4 in cancer patients could be confirmed or disputed when applying optimized blood collection and processing procedures. Hence, 13 locally advanced pancreatic cancer patients prior to chemotherapy were compared to an age-matched control collective of 13 healthy individuals with respect to circulating levels of angiogenesis factors (Fig. 5) .
Blood concentrations of TSP-1 and VEGF were found to be significantly elevated in the group of cancer patients (median TSP-1 healthy: 34.5 ng/mL, median TSP-1 cancer: 70.2 ng/mL, P = 0.006; median VEGF healthy: 2.52 pg/mL, median VEGF cancer: 18.24 pg/mL, P < 0.001). In contrast, plasma levels of PF-4 and PD-ECGF were comparable between healthy individuals and cancer patients (median PF-4 healthy: 13.2 IU/mL, median PF-4 cancer: 13.9 IU/mL, P = 0.762; median PD-ECGF healthy: 2.22 ng/mL, median PD-ECGF cancer: 3.36 ng/mL, P = 0.742).
Monitoring of angiogenesis parameters is commonly conducted with suboptimal procedures
A literature search for research articles published within the last 2 years was performed as summarized in Table 1 . Studies on VEGF, TSP-1, PF-4 and PD-ECGF were screened for the anticoagulants applied in plasma analysis. We found that the majority of studies used citrate or EDTA rather than CTAD and gave no information on blood processing temperature suggesting that suboptimal procedures of plasma preparation are commonly applied when monitoring blood levels of angiogenesis parameters.
Discussion
The analysis of angiogenesis factors has become a powerful tool to understand physiological as well as pathological processes of neovascularization. A shift in the well balanced system of pro-and anti-angiogenic factors is associated with various diseases and is known to critically influence disease progression [28, 29] . As platelets store and actively sequester angiogenesis factors, they are increasingly recognized to play a major role in the regulation of neovascularization [30] .
With respect to plasma measurements of angiogenesis factors, platelets are easily activated during blood processing and may release their content resulting in increased parameter levels. Analysis of platelet-poor/free total of articles retrieved by PubMed search for the respective angiogenesis factor combined with the term "plasma" was screened for relevant studies. Accessible articles were evaluated for the anticoagulant (CTAD, citrate, EDTA) applied in blood processing or are listed as NA when no information was given. With respect to studies on VEGF, 100 from 530 retrieved articles were analyzed. Fig. 5 . Pancreatic cancer patients show elevated plasma levels of VEGF and TSP-1. Blood samples of 13 pancreatic cancer patients obtained before therapy were compared to samples from 13 age-matched healthy controls. TSP-1 (A), PF-4 (B), VEGF (C) and PD-ECGF (D) concentrations were determined by ELISA following plasma preparation with CTAD at 4 • C. Significant (P < 0.05) and highly significant (P 0.001) differences between groups are indicated by one (*) or two (**) asterisks, respectively. plasma has thus been suggested to determine angiogenesis factors in circulation [21] . However, platelet activation may also occur during the preparation of platelet-poor plasma [22] . The choice of anticoagulant is of importance to avoid pre-analytical variability. In 1999 Wynendaele et al. were first to propose the CTAD mix of four anticoagulants to effectively block platelet activation during plasma preparation for the reliable assessment of circulating VEGF [21] . In contrast to VEGF, comparably little attention has been given to optimizing procedures for the blood analysis of TSP-1 or other platelet-stored angiogenesis factors such as PF-4 and PD-ECGF [31, 32] . Thus, we set out to evaluate the impact of blood processing variants on the detection of platelet-stored angiogenesis factors in a more generalized manner. We found that preparation of plateletpoor plasma with CTAD at 4
• C yielded reproducible, low values for circulating VEGF, TSP-1, PF4 and PD-ECGF and did not seem prone to platelet activation upon temperature fluctuation. In contrast, plasma preparations at room temperature using citrate or EDTA were associated with considerable parameter fluctuations of apparently random magnitude suggesting uncontrolled and partial platelet activation during blood processing.
Of interest, although exposure to low temperatures is commonly avoided in thrombocyte isolation to prevent perturbation of platelet skeletons, the processing at 4
• C proved preferable in our study possibly related to a reduced risk of platelet rupture during high-speed centrifugation. The application of butterfly (21 G needle) as opposed to venflon (18 G needle) blood collection systems, the immediate blood processing after withdrawal, and the exclusion of hemolyzed samples were further shown to avoid pre-analytical variability. Elevated levels of TSP-1 in "suboptimal" plasma preparations generally correlated with high concentrations of PF-4, whereas the increase in VEGF was less pronounced. This is of particular interest as the optimization of blood processing has largely been neglected for TSP1 and PF-4 analyses while these parameters proved to be highly sensitive to in vitro artifacts in our study. Of interest, PD-ECGF measurements were not affected by the choice of anticoagulant or processing temperature. In contrast to the other angiogenesis factors, PD-ECGF is present in the cytoplasm of thrombocytes and is not stored in α-granules. This observation further supports the notion that partial platelet activation during plasma preparation results in platelet degranulation and the selective release of angiogenesis factors stored in platelet granules [33] .
Generation of serum is based on the complete activation of platelets in vitro. Hence, serum measurements of platelet-stored angiogenesis factors largely reflect total platelet content [25, 34] . As platelets actively participate in the angiogenic process and scavenge tumor-derived VEGF, cancer patients were shown to exhibit increased serum VEGF values and serum analysis was found suitable for evaluating VEGF levels in disease [35] . Concurrent with the early literature, Wiesner et al. recently reported that platelets of metastatic cancer patients exhibit increased values of VEGF [36] . Interestingly, they also detected a higher percentage of activated thrombocytes and a diminished concentration of TSP-1 stored in the platelets of cancer patients as compared to healthy individuals. Thus, in line with the enhanced platelet activation (degranulation) in tumor patients, the granular TSP-1 pool seems to be drained and -in contrast to VEGF -may not be replenished by scavenging of plasma TSP-1. Correspondingly, Gonzalez et al. reported a reduced TSP-1 level in serum as opposed to a higher TSP-1 concentration in plasma of cancer patients when compared to healthy volunteers [37] . These observations illustrate that the concomitant evaluation of serum and plasma values (compared with platelet counts) may yield the most comprehensive picture of the regulation and availability of angiogenesis factors in cancer patients. Optimized plasma preparation without artificial platelet activation is thus of eminent importance to be able to distinguish between circulating and platelet-stored angiogenesis factors, and suboptimal procedures may explain why several studies failed to observe an increased TSP-1 plasma value in cancer patients [38] .
Comparably, divergent results concerning the prognostic potential of circulating VEGF and TSP1 have been reported for defined tumor entities and may relate to the mode of blood processing applied [8, 39, 40] . To assess the variability of plasma processing methods in reported studies and evaluate the potential affliction by in vitro platelet activation, we conducted a screen of research articles published within the last 2 years. Despite the fact that optimized protocols for the assessment of VEGF plasma levels have been released more than a decade ago, we found that monitoring of circulating angiogenesis factors was commonly conducted with procedures known to suffer from partial in vitro activation of platelets. This is particularly noteworthy as blood concentrations of platelet-stored angiogenesis factors are increasingly being evaluated for their prognostic and predictive potential in the context of anti-angiogenic cancer therapies. With our comprehensive analysis we thus aim to emphasize the general importance of optimized plasma processing and alert the community to further pitfalls such as the choice of blood collection system, blood storage and accidental hemolysis when determining circulating levels of platelet-stored angiogenesis factors.
